Homogeneous charge compression ignition (HCCI) engines produce very low NO x and soot emissions and also improve engine efficiency when compare to conventional spark ignition engines. The combustion process bases on the self-ignition of a homogenous air-fuel mixture without an external ignition source. The gas temperature is very important to initiate the combustion and to promote the appropriate chemical kinetics.
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on the relationship between HRR in HCCI combustion mode and the four parameters that are required for an analytical function to model this heat release rate. More specifically, the influences of the fuel-air equivalence ratio, engine speed and EGR on the four parameters that control HRR are examined. The analytical HRR law is validated over a wide range of operating conditions in HCCI combustion mode and shows that these four parameters are directly related to any load condition, including engine speed, fuel rate and EGR. These parameters can therefore be used to characterize this combustion mode.
Keywords: HRR (heat release rate); EGR (exhaust gas recirculation); HCCI (homogeneous charge compression ignition). very low NO x and soot emissions but also due to the improved engine efficiency when compared to conventional spark ignition engines [1] [2] [3] . HCCI combustion integrates features of both spark ignition (SI) and compression ignition (CI) engines to give promisingly the high efficiency of a diesel engine with virtually zero NO x and soot emissions [4, 5, 6 The combustion process is based on the self-ignition of a homogenous air-fuel mixture without an external ignition source. The gas temperature is very important to initiate the combustion and to promote the appropriate the chemical kinetics. For this reason, the heat release rate and heat transfer inside the combustion chamber play a significant role in the HCCI combustion mode.
The rate of heat release in HCCI combustion mode is not controlled by the rate of fuel injection (as it is in DI engines) nor by finite turbulent flame propagation (as in SI engines). The absence of an ignition control mechanism has led researchers to explore a range of control strategies. However, performing these explorations solely in the laboratory would be inefficient, expensive and impractical since there are numerous M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
variables that are involved in complex interactions. A great deal of research activity has been carried out on global heat transfer models, e.g. by Annand [7] , Woschni [8] and
Hohenberg [9] , and these have concerned engine conditions that vary significantly from those in HCCI combustion. The dominant heat transfer mechanism in HCCI combustion mode is forced convection from hot gases to the combustion chamber walls. The very low level of soot formation and relatively low bulk gas temperature mean that the radiation effect in this system is very small; a situation in contrast to the case of the conventional diesel combustion mode. For this reason, any HRR analysis for the HCCI combustion mode should be developed through a dedicated heat transfer model. In this paper, the model described by Junseok Chang was considered [10] .
A significant amount of research is focused on obtaining an analytical function to model the heat release rate in HCCI combustion mode as this would facilitate combustion analysis and avoid the development of intensive tests and CFD calculus [11, 12] .
The HRR for the HCCI process presents a premixed combustion shape while that of the diesel combustion mode includes premixed and diffusive contributions [13, 14] . The work described here involved the analysis of an HRR model developed for the HCCI combustion mode [15] . The influences of the fuel-air equivalence ratio and EGR on the four parameters that control HRR were examined.
The development of an analytical HRR law validated over a wide range of operating conditions in HCCI combustion mode represents a significant advance in our understanding of HCCI combustion and also allowed the development of a predictive [15] computational model for this combustion process.
ENGINE AND EXPERIMENTAL SETUP
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The experimental part of this work was based on tests carried out on the DEUTZ FL1 906 engine [16] [17] . The original diesel engine was modified to adapt it to HCCI combustion, the injection point was fixed and different operating conditions (e.g., engine speed, air/fuel ratio and intake temperature) were tested. The specifications of the original diesel engine were as follows: cylinder bore 95 mm, stroke 100 mm, displacement 708 cm 3 , nominal compression ratio 19:1 and rated power of 13 kW at 3000 RPM. Commercial diesel fuel compatible with European Standard EN590 was used in all tests and the fuel properties are shown in Table 1 . Systematic tests were carried out with the angle of injection fixed at 45º BTDC. The load was changed from a low load up to the maximum attainable load for the engine in HCCI combustion mode.
An increase in the engine load, without EGR, leads to an advance in the start of combustion, an increase in the maximum pressure and also an advance in the crankshaft angle at which maximum pressure is reached. The maximum attainable load was established in order to ensure the mechanical integrity of the engine. The maximum pressure was limited at top dead center to 110 bar, which corresponds roughly to 20 Nm with the engine running without EGR at 1200 RPM, a compression ratio of 19:1 and a charge temperature of 18 ºC.
The range of engine speeds studied was from 1200 RPM to 2400 RPM in intervals of 300 RPM.
TABLE 1
The recirculated gases (EGR) were cooled in order to control the intake temperature and ensure that this never surpassed the ambient temperature; the effect of inlet temperature on HCCI is well known. The external EGR rate was evaluated by measuring the EGR mass recirculated and the total mass inlet. The formula is as follows: where blow by was not considered:
• Thermal state equation
• Combustion chamber volume
• First Principle of Thermodynamics [16] • Heat losses The heat loss model is written as follows:
A lot of research can be found about heat transfer in internal combustion engines, but almost all of the models have been developed for spark and compression ignition engines. HCCI combustion process is quite different from that of spark or compression ignition engines. In this way the research of Junseok Chang [10] is devoted only to this type of combustion and it has been thoroughly validated in its paper and for these reasons only has been considered this heat losses model.
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The heat transfer coefficient h c (W/m 2 K) is based on the correlation formula given by Junseok Chang [10] . W Q is the wall heat loss, A c is the area in contact with the gases,
is the gas temperature, T w (K) is the cylinder wall temperature and ω (rad/s) is the average angular speed. The global heat transfer coefficient can be written as:
A scaling factor scaling α is used to tune the coefficient to match a specific engine geometry. Combustion-induced gas velocity is a function of the difference between motoring and firing pressure.
( )
The main reason for using this equation is to keep the velocity constant during the nonfiring period of the cycle and to then impose a steep velocity rise once the combustion pressure departs from motoring pressure. The subscript r denotes a reference crank angle, such as the intake valve closing.
ANALYTICAL LAW FOR HRR IN HCCI COMBUSTION MODE
In this work a newly developed model for HRR has been analyzed. The HRR curves for a constant angular speed of 1200 RPM, inlet temperature of 18 ºC, compression ratio of 19:1 and different injected fuel levels are shown in Figure 1 . These curves reveal the very high heat release rate that causes a rapid increase in combustion pressure. As a consequence, combustion is characterized by the sudden steep pressure rise on the cylinder pressure curve and by the peak in the HRR. Once the previously formed flammable mixture has been completely burnt, the HRR decreases until the end of M A N U S C R I P T
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combustion. The HRR showed the same trend for all fuel consumption rates, engine speeds and EGR rates tested in HCCI mode.
FIGURE 1
Therefore, combustion is completely controlled by chemical kinetics. The gas cylinder temperature is not sufficiently high and therefore the fuel does not reach pyrolysis conditions, thus almost completely avoiding soot formation and diminishing NO x formation markedly [19, 20] .
A model for the HRR that can be adapted efficiently to a combustion process controlled only by chemical kinetics was developed by Wiebe. In this work, this scenario has been analyzed using a modified Wiebe function that allowed the formulation of a new HRR law that fits quite well to the HCCI combustion process [21, 22] .
Where a 1 , a 2 , M p , M pp are shape factors. In order to reproduce the HRR it was necessary to consider the parameter M p to be different from the parameter M pp (the opposite of the original Wiebe function), see equation (5) . θ p is the duration of the energy release and Q p characterizes the heat release in HCCI combustion mode.
Defining the terms:
It follows that the HRR is:
[ ] The analysis was performed by changing one parameter and maintaining the rest constant. The range adopted for K1, K2, Mp and Mpp is given in Table 2 along with the main results of the HRR analytical law. This range was designed so that, for each parameter, the maximum range increment divided by the mean range value is constant for the four parameters and is equal to 0.4. This normalization allows the influence of each parameter on HRR to be studied while avoiding distortion of the results due to numerical effects.
INFLUENCE OF ANALYTICAL LAW PARAMETERS ON THE SHAPE OF HRR

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
The five HRR laws for each of the analyzed parameters in Table 2 are represented in shown in Figure 2d . The behavior observed is very similar to that for K2.
FIGURE 2
The analysis is summarized in the following table: 
FUEL/AIR EQUIVALENCE RATIO EFFECT
A study of the influence of the air equivalence ratio on HRR and emissions from experimental results is discussed in this section. Results for the engine performance in HCCI combustion mode from experimental data for four fuel/air equivalence ratios at 1200 RPM are given in Table 3 and the combustion pressure chamber and HRR for these test conditions are shown in Figure 1 . The dashed line corresponds to experimental tests, where HRR was obtained from a zero-dimensional model fed from the combustion chamber pressure and all the test data [16] . The solid lines correspond to results modeled using the approach developed in section 3; it can be observed that the M A N U S C R I P T
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new HRR law fits every fuel/air ratio tested. From the minimum value, each increment in the fuel/air equivalence ratio has the following effects on the combustion process:
• An advance in the start of combustion
• An increase in the maximum heat release rate and maximum combustion chamber pressure
• A reduction in combustion duration
• An increase in exhaust temperature
• An increase in NO x , CO, HC and soot emissions
• An increase in specific fuel consumption TABLE 3 An increase in the fuel/air equivalence ratio delivers more energy into the combustion chamber and this in turn heats the piston, cylinder and inlet collector, thus increasing the temperature of these components. The air and fuel are heated and chemical kinetics, which are controlled mainly by gas temperature, are favored -a situation that advances the start of combustion, reduces the combustion duration and delivers more energy before top dead center as more fuel is burnt. As a result, the maximum pressure also increases from 81 to 93 bar. The observed increase in NO x can also be explained by the increase in temperature, with the Zeldovich mechanism considered the most important for the promotion of this emission [23, 24] . However, the increase in soot emissions can be ascribed to both a reduction in the available oxygen as the fuel/air ratio increases and to the loss of gas homogeneity. It must be noted, however, that the combustion process should be considered as homogenous, mainly because of the very low NO x level and the
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evolution of the HRR (see Figure 1) , where there is no evidence of diffusive combustion. An increase in the exhaust gas temperature is also a consequence of the increased fuel mass injected, even though all the fuel is burnt faster and in advance when compared to the lower fuel/air equivalence ratios.
The moderate increase in specific fuel consumption must be analyzed together with the evolution of combustion pressure and CO and HC emissions, because all of these factors increase with fuel flow. The advance in the start of combustion increases the maximum pressure after top dead center and therefore increases imep. However, combustion pressure also increases before top dead center and this is negative work that has to be given by the piston to the gases, a situation that partially counter balances positive work. At the end of the cycle the engine torque increase is less than proportional with the fuel flow. The growth in CO and HC, mainly due to low temperature combustion and the reduction in available oxygen, reveals a reduction in combustion efficiency, which in turn increases the specific fuel consumption.
The values of the four parameters of the HRR analytical law applied to the cases shown in Figure 1 are presented in Table 4 . These parameters for all cases studied at different engine speeds and two EGR rates are plotted against injected fuel flow in The EGR rate was characterized by m p C ⋅ (J/K), which is the product of the intake mass and the mean specific heat of the gas mixture, evaluated at the temperature at which combustion starts (as provided by the combustion model).
An example of engine performance and combustion comparison at 2100 RPM and 0.027 g/cycle injected fuel is shown below.
TABLE 5
It can be seen from the results in Table 5 that when the EGR rate rises from 5% to 28%
by mass, the engine SFC increases by about 26% (from 0.261 to 0.380 kg/kWh). The It can be observed that when the EGR is 20% by mass, NO x emissions remain constant with fuel consumption; without EGR the NO x emissions increase with fuel consumption.
Combustion pressure and HRR corresponding to the results in Table 5 are shown in Figure 4 , where simulated cylinder pressures are compared with measured ones derived from the experimental study. Quite good agreement between experimental and modeled results can be observed. The modeled cylinder pressures were obtained from the new HRR law for different mass flows and EGR levels. In terms of the area under the pressure curve between IVC and EVO, the maximum error is about 1%. An interesting aspect to highlight is the good reproduction of pressure during the combustion process when an abrupt increase in pressure occurs.
FIGURE 4
As can be observed, the new HRR law adapts perfectly to any EGR rate. From the minimum EGR rate (5%), each increment in this parameter has three effects on the HRR: a) A delay in the start of combustion.
b) A diminution of the maximum heat release rate.
c) An increase in the combustion duration.
The increase in torque is due to the diminution of combustion pressure along the compression stroke, which in turn is due to the delay in the start of combustion (effect a). As a result, power increases at the same engine speed and fuel consumption and there is also an improvement in the engine's specific fuel consumption to weight of effect c, which reduces thermodynamic efficiency [27] . Effect b produces a diminution in the combustion chamber temperature and this will result in a diminution of NO x M A N U S C R I P T
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emissions and exhaust temperature [28] . The parameters for the simulated HRR are shown in Table 6 .
TABLE 6
The values of the four parameters of the HRR analytical law applied to the cases shown in Figure 4 are presented in Table 6 . These parameters for all cases studied at engine speeds of 1200 and 1800 RPM at three fuel rates are presented versus thermal capacity in Figure 5 . Parameter K1 shows the same tendency at 1200 and 1800 RPM for all fuel rates and the relationship with thermal capacity is almost linear, see Table 6 . Parameters for simulated HRR
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